Flow of water in rigid solids: Development and experimental validation of models for tests on asphalts  by Praticò, Filippo G. & Moro, Antonino
Computers and Mathematics with Applications 55 (2008) 235–244
www.elsevier.com/locate/camwa
Flow of water in rigid solids: Development and experimental
validation of models for tests on asphalts
Filippo G. Pratico`∗, Antonino Moro
DIMET, Department of Computer Science, Mathematics, Electronics and Transportation, Reggio Calabria Mediterranean University,
Via Graziella, Feo di Vito, 89100 Reggio Calabria, Italy
Received 8 November 2006; accepted 5 April 2007
Abstract
The goal of this paper is confined to the derivation of an equation for the analysis of the phenomenon of water flows along an
asphalt pavement. By referring to the general theory for the percolation of water in rigid porous materials, we propose the theoretical
derivation of models for some tests on asphalts. In order to validate the formalized models and to analyze the relationships among
the main indicators introduced, in-field experiments were designed and performed. As our main results, we develop a model for
tests on asphalts and validate it partially by means of our experimental results.
c© 2007 Elsevier Ltd. All rights reserved.
Keywords: Water; Asphalt; Continuity; Model; Drainometer
1. Theoretical background
1.1. Phenomena and measurements
As is well known, the description of the flow of water through asphalts is of massive scientific, technical and
financial importance (see Fig. 1). It concerns surface distress (cracks allow moisture infiltration into the base and
subgrade, excessive moisture in the subgrade needs repair, slab beneath the Hot Mix Asphalt, HMA, surface can have
many damages because of moisture changes, etc.); it is an important design factor (drainage coefficients in AASHTO
– American Association of State Highway and Transportation Officials – Guide, etc.); it affects bituminous mix design
(binder film quality and thickness around each aggregate particle), and, finally, it affects expected life (ravelling, and
moisture damage), and aggregate design (resistance to moisture damage) [1].
Moisture damage comprises synergistic mechanisms: detachment, displacement, spontaneous emulsification, pore
pressure, hydraulic scour, pH instability and environmental effects.
Three main classes of factors can be considered to be of considerable importance in influencing asphalt moisture
sensitivity: (a) chemical factors (adhesion, cohesion, emulsification); (b) physical factors (grains rugosity, absorption,
etc.); (c) mechanical factors (stone breaking, film thickness, drainage, etc.).
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Fig. 1. Ravelling as one of moisture’s effects on asphalt.
These problems address asphalt at least in the following ways: (i) for Dense Friction Courses (DFC), a high density
and a low permeability is requested; (ii) for Porous European Mixes (PEM), high permeability and high drainability
are requested; (iii) both for DFC and PEM, low moisture sensitivity is requested.
As a consequence, traditional tests on roads and runways include the so-called permeability and drainability tests
[2,3].
On the basis of the international literature, HMA permeability and drainability results can depend on [4]: (i)
design/construction variables; (ii) traffic and weather-related variables; and (iii) fundamental variables. The first class
comprises mix composition, course thickness and compaction procedures. The second set of variables takes into
account traffic action and weather-related parameters. Boundary conditions and model factors may be considered as
components of the third group.
The existing models for water flow analysis in HMA may be grouped into models based on [4–7]: (a) the analysis
of casual motions, (b) one-dimensional and laminar flows under the validity of Darcy’s law, (c) Richards’ equations,
(d) Kozeny–Carman equation, (e) the coupling between mass and heat balances with mechanical deformation,
(f) integrated models, (g) mixture theory formulation or the relationship between permeability and air void size
distribution.
In order to formalize the new model here proposed, based on continuity equation, Richards’ equations are below
introduced.
1.2. Fundamentals
The theory of the movement of water in unsaturated/saturated soils, published by Richards in 1931 [8], may be
considered the starting point for the analysis of water movements through asphalt.
Continuity equation can be written as follows:
∂iθi + E∇ · Eqi + Γi = 0 (1)
or
∂θw
∂t
= −E∇ · (θw Evw)− λw, (2)
where
•
E∇ = Ei ∂
∂x
+ Ej ∂
∂y
+ Ek ∂
∂z
indicates gradient; (3)
• λw and Γi represent a sink term [s−1] related to the possibility of uptake of water by plant roots (in road studies it
can be omitted);
• q is the specific flux (units of velocity) [LT−1];
• vw is groundwater velocity (units of velocity) [LT−1];
• t stands for time [T ];
• θw is the volumetric water content (dimensionless).
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Note that
θw Evw = Eq. (4)
If the uptake of water by plant roots can be excluded and the density γw of the fluid [ML−3] is not constant,
Eqs. (1) and (2) can be written as
∂ (γwθ)
∂t
= −
[
∂ (γwqx )
∂x
+ ∂
(
γwqy
)
∂y
+ ∂ (γwqz)
∂z
]
. (5)
For γw constant, one gets
∂θ
∂t
= −
[
∂qx
∂x
+ ∂qy
∂y
+ ∂qz
∂z
]
. (6)
By introducing the div operator, the above equation can be written as:
∂θ
∂t
= −E∇ · Eq = −div Eq. (7)
Under the hypotheses of low flow rates where flow is laminar, Darcy’s law can be considered valid; anywhere,
one must take into account that, in practice, Darcy’s relationship may be applied for most hydrological regimes. The
following expressions hold
Eq = −K E∇ (h + z) (8)
θW Evw = −K E∇h − K E∇z (9)
θW Evw = −K E∇H (10)
θW Evw = −D E∇θw − K E∇z (11)
θW Evw = −E∇φ − K E∇z (12)
where:
h = pw − pg
γwg
= pc
γwg
(13)
H = h + z (14)
D = K dh
dθw
. (15)
These equations express the dependence of the specific flux (q) on the total head (H) by the means of a coefficient
K called hydraulic conductivity.
Above,
• K refers to the hydraulic conductivity [LT−1];
• h indicates the capillary pressure head [L];
• z is the vertical coordinate taken positive downward [L]
• H is the total head [L];
• D is the diffusivity [L2T−1];
• φ is the matrix flux potential [L2T−1]
• γw refers to water density [ML−3]
• pw is the pressure of the aqueous phase [ML−1T−2];
• pg is the pressure of the gaseous phase [ML−1T−2];
• pc is the capillary pressure [ML−1T−2].
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By merging together continuity and Darcy’s equations (often called Richards’ equations, if considered together)
the following relations may be obtained:
∂θ
∂t
= E∇KLh(h) · E∇h + ∂KLh(h)
∂z
(16)
∂θ
∂t
= C(h)∂h
∂t
= ∂
∂z
[
K (h)
(
∂h
∂z
+ 1
)]
(17)
C(h) = dθ
dh
(18)
where C(h) may be considered the asphalt water capacity [L−1].
Note that q (8) and v (9) are not the same: q is the specific flux (units of velocity), while v is the groundwater
velocity (units of velocity) [9]. Take note that λw it is a sink term [s−1], representing the uptake of water by plant
roots. For the water uptake, several methods have been proposed to describe the uptake of water by roots [10]. These
methods assume generally that the macroscopic sink term is proportional to the local root density and is modified by
the water content, or the matric pressure head of the surrounding soil.
1.3. Asphalt composition and volumetrics
The volume fractions θs (where s stands for solid phase, aggregate and bitumen), θw (where w stands for aqueous
phase), θnw (where nw stands for gaseous phase) are subjected to the volume constraint
Vs + Vw + Vnw = Vtot. (19)
Therefore it is
θs + θw + θnw = 1. (20)
The total bulk mass density (ρ) is the sum of the three densities ρs , ρw, ρnw ([ML−3]) [11]:
ρ = (Ms + Mw + Mnw)/Vtot = ρs + ρw + ρnw. (21)
The bulk mass densities ρs , ρw and ρnw are related to the true mass densities γs , γw, γnw ([ML−3]) according to the
following formulas:
ρs = γsθs (22)
ρw = γwθw (23)
ρnw = γnwθnw. (24)
The porosity n is defined by
n = θw + θnw, (25)
while the effective porosity by
θe = θw + θnwe,
where θnwe is the part of θnw which can be filled with water.
In practice, the true mass densities γs , γw, can be considered constant; this reflects the incompressibility of the
solid (rigidity) and wetting phases. One gets [11]
ρ ∼= ρs + ρw. (26)
1.4. Permeability and hydraulic conductivity
Permeability and hydraulic conductivity are often used interchangeably. Technically speaking, an asphalt has an
“intrinsic” permeability that is a function of the media properties only (units of length-squared), whereas hydraulic
conductivity is a function of both media and fluid properties (units of length per time).
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The proportionality constant in Darcy’s law (K , hydraulic conductivity) depends on: (i) density, (ii) dynamic
viscosity, (iii) pore characteristics (tortuosity — path length). The result is that hydraulic conductivity can be written
as
K = Nd
2γwg
η
(27)
where (i) γw is the fluid density [M/L3]; (ii) g is the acceleration of gravity [L/T 2]; (iii) η is fluid (dynamic) viscosity
[M/LT ], and note that the dynamic viscosity is measured in units of Pas (MKS or SI) or Poise (cgs) (1P = 0.1 Pa),
while kinematic viscosity, νk = ηγw , is measured in m2 s−1 or cm2 s−1 (for water it is 10−6 m2 s−1); (iv) d is the mean
grain diameter (in the hypothesis of mixes made by the simple union of grains) [L]; and (v) N is a dimensionless
factor depending on the shape of pore spaces.
One can observe that γw and η characterize the fluid, while N and d depend on the asphalt matrix. Therefore
intrinsic permeability is defined as
Nd2 = k[L2]. (28)
k may be measured in different units (m2, cm2, and ft2). Note that 1darcy = 1 × 10−12 m2 or 1 × 10−8 cm2 and
1millidarcy (md) = 1× 10−15 m2 or 1× 10−11 cm2.
The intrinsic permeability (k) characterizes the medium through which the fluid flows, while the hydraulic
conductivity (K ) characterizes the ability to transmit water at standard conditions.
Permeability can be converted to hydraulic conductivity, under water at standard conditions, as follows:
K = kγwg
η
(29)
K = 1× 107k (SI) (30)
or K = 1× 105k (cgs). (31)
2. Model derivation
One can observe that though many models have been formulated to analyze how permeability can vary in soils, the
problem of analyzing and predicting outflow times (e.g. on PEM) based on mixes and surface properties has not been
completely addressed.
In the light of the above, the objective of this paragraph is the theoretical derivation, by referring to Richards’
theory, of a class of models for falling head tests on asphalt.
As is well known, in these tests an outflow time (∆t) is recorded. In order to derive the requested equations, one
can apply the continuity equations (1) and (2) to the saturated control sample (immediately under the device, see
Fig. 2), so that one gets
Q(t) = Q1(t)+ Q2(t) (32)
where Q1(t) is the flow rate that flows through the pores of the control sample at the time t , and Q2(t) is the surface
flow rate at the time t . Q1(t) can be expressed as the product of the effective lateral surface area (SLeff) for the average
speed through the pores (v¯1(t)):
Q1(t) = SLeffv¯1(t) ∼= SLθev¯1(t) ∼= 2pirdtθev¯1(t) (33)
where SL is the lateral surface of the control sample, r is the radius, dt is the thickness of the draining layer (above
the impermeable layer), and θe is the effective porosity as defined above. Notice that θe < n.
Q2 depends on surface boundary conditions (coefficient b1) and on surface texture (Mean Profile Depth, MPD, see
Fig. 2):
Q2(t) = SS v¯2(t) ∼= b1MPD2pir v¯2(t) (34)
where the coefficient b1 (dimensionless) refers to boundary conditions.
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Fig. 2. Example of falling head test on porous European mixes.
By integrating Eq. (1), one obtains∫ ∆t
0
Q(t)dt =
∫ ∆t
0
Q1(t)dt +
∫ ∆t
0
Q2(t)dt. (35)
Now suppose that the average pore speed v¯1(t) is linearly dependent on time, with the following boundary
conditions:
v¯1(0) = ξi zi (36)
v¯1(∆t) = ξ f z f (37)
So it is:
v¯1(t) = ξ f z f − ξi zi ·∆t t + ξi zi (38)
where ξi and ξ f are real coefficients (expressed in s−1), while zi and z f are initial and final water heads (see Fig. 2).
Moreover, suppose that the average surface speed (v¯2(t)) is linearly dependent on time:
v¯2(0) = χi zi (39)
v¯2(∆t) = χ f z f . (40)
Therefore it is:
v¯2(t) = χ f z f − χi zi∆t t + χi zi , (41)
where χi and χ f are real coefficients (expressed in s−1).
Therefore, the following expressions (where the water volume between timing marks is V and the outflow time is
∆t), can be derived:
V = 2pirdtθeaz¯∆t + b1MPD2pirb2 z¯∆t, (42)
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where
az¯ = ξi zi + ξ f z f
2
(43)
b2 z¯ = χi zi + χ f z f2 , (44)
where z¯ = zi + z f
2
. (45)
Note that the coefficients a and b2 (both of them expressed in s−1) depend on the particular asphalt. a depends on the
size and the tortuosity of the flow paths; therefore it can depend on aggregate size and shape, gradation and asphalt
content. From the above, the following expression may be obtained:
∆t = V (2pirdtθeaz¯ + b1MPD2pirb2 z¯)−1 =
[
V (2pir z¯)−1
]
(adtθe + bMPD)−1 = DCHC , (46)
where
b = b1b2. (47)
Note that
DC = V (2pir z¯)−1 , (48)
here called the drainability Device Coefficient, refers to device characteristics.
On the contrary,
HC = adtθe + bMPD, (49)
here called the drainability Hot Mix Asphalt Coefficient, deals with asphalt ability to drain water (for a given device).
Fig. 3 summarizes the role of Richards’ equations in the formalization of the new model.
One can observe that the scheme followed is focused on the application of the continuity equation on a control
volume (see Fig. 3) and that the differential equation is solved by simply imposing boundary conditions strictly
related to the effective physical phenomena involved in road bituminous mixes (Dense Friction Courses, DFC, Porous
European mixes, PEM, Open Graded Friction Courses, OGFC, Stone Mastic Asphalts, SMA, etc.).
3. First experimental validation
In-field experiments have been performed in order to have a first validation of the model for tests on an asphalt
pavement. Belgian Drainometer [CME], picnometers, binder extractors, ovens and other in-lab devices have been used
(see Figs. 4 and 5).
Two specific pavement types (PEM and DFC, see Fig. 4) have been analyzed. By considering different timing
marks (and therefore different z¯, see (45)), for the same test location of the given pavement type, different outflow
times (∆t) have been measured and recorded.
For each location, the aggregate density (CNR–BU Anno XII–N. 63–15 Maggio 1978), mix density (CNR–BU
Anno VII–N. 40–1973 for DFC; dimensional method for PEM), bitumen content (CNR–BU Anno VII–N.38–21
marzo 1973), air voids (CNR–BU Anno 73–N.39) have been determined according to the rules in the pertinent codes
indicated into parentheses (see Fig. 5).
Note that in the light of the proposed model (see Eq. (46)), the theoretical relationship between these outflow times
is
∆ti
∆t j
= [DC ]i
[DC ] j
. (50)
Dotted lines, reported in Fig. 6, refer to theoretical relationships.
The DFC line refers to the relationship between
∆t (z¯ = 32 cm;∆z = 10 cm) (y-axis) and ∆t (z¯ = 34.5 cm;∆z = 5 cm) (x-axis).
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Fig. 3. Synthesis of the model presented in this paper.
Fig. 4. In-field experiments by a Belgian drainometer on two different surface courses (DFC, PEM).
The PEM line refers to the relationship between
∆t (z¯ = 27 cm;∆z = 20cm) (y-axis) and ∆t (z¯ = 29.5 cm;∆z = 15 cm) (x-axis).
Note that for DFCs the theoretical and experimental relationships are quite the same:
y = 2.16 · x (ρ2 = 0.9992) (51)
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Fig. 5. Main in-lab devices used (EOB: Device for the Extraction Of the Binder by the means of hot – in the cycle simmering and condensating –
solvents; BSEP: Device for Bitumen SEParation from the solvent).
Fig. 6. First in-field experiments: Results.
For PEMs, the theoretical relationship is:
y = 1.46 · x (52)
while the experimental relationship is:
y = 1.42 · x (ρ2 = 0.9975). (53)
Results show that the theoretical model can represent well the experimental behaviour of both dense (DFC) and porous
(PEM) bituminous mixes.
Such model transportability (see Fig. 6) strongly affects the inherent potentiality for allowing engineers to
understand and analyse water flow phenomena in asphalt pavements; moreover it could support ideas for model
improvement.
4. Main findings
The main results of the investigation, both theoretical and experimental, are the following:
244 F.G. Pratico`, A. Moro / Computers and Mathematics with Applications 55 (2008) 235–244
– A class of models for tests on asphalt was theoretically derived on the basis of Richards’ equations (continuity);
– A first validation of the formalized model has been performed; for the examined case-history, theoretical and
experimental laws fit very well, and this means that the proposed model could correctly represent the studied
phenomena, at least within the limits of the indications furnished by the experimental data at our disposal.
Other theoretical and experimental studies are needed in order to improve and better validate the model proposed
here.
The simple relationship between performance and quasi-physical factors could be very useful in better predicting
and assessing which thresholds to consider in contract specifications.
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